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1. INTRODUCTION {#edm2107-sec-0005}
===============

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by a combination of insulin insensitivity in muscle and liver and suboptimal insulin production by pancreatic β‐cells.[1](#edm2107-bib-0001){ref-type="ref"} These insulin‐related defects result in elevated blood glucose, or hyperglycaemia, which in turn has detrimental effects on the vasculature, leading to both macrovascular complications (eg coronary artery disease) and microvascular complications (eg diabetic retinopathy).[2](#edm2107-bib-0002){ref-type="ref"} The primary aim of treating T2DM is to control blood glucose levels, with the goal of preventing these vascular complications.

The International Diabetes Federation estimates that 8.8% of adults worldwide have diabetes; this number ranges from 3.8% in Africa to 11.5% in North America and the Caribbean.[3](#edm2107-bib-0003){ref-type="ref"} As of 2014, 5.3% of people aged 16 or older in the United Kingdom had T2DM.[4](#edm2107-bib-0004){ref-type="ref"} International guidelines including those from the American Diabetes Association/European Association for the Study of Diabetes,[5](#edm2107-bib-0005){ref-type="ref"} the International Diabetes Federation[6](#edm2107-bib-0006){ref-type="ref"} and the National Institute for Health and Care Excellence (NICE)[7](#edm2107-bib-0007){ref-type="ref"} recommend metformin as the initial antihyperglycemic pharmacotherapy. Both the US Food and Drug Administration[8](#edm2107-bib-0008){ref-type="ref"} and the European Medicines Agency[9](#edm2107-bib-0009){ref-type="ref"} note the need to up‐titrate metformin, that is, to gradually increase the dose, over the first several weeks. In the NICE guidance, treatment with metformin is considered successful if, after dose optimization, the patient\'s glycated haemoglobin (HbA1c) is maintained at or below the desired level (typically 48 mmol/mol (6.5%) or 53 mmol/mol (7.0%)).[7](#edm2107-bib-0007){ref-type="ref"} If HbA1c levels are not maintained on metformin, intensification of therapy by adding a second drug or switching to another drug is recommended. Intensification occurs in over 50% of patients in the United Kingdom.[10](#edm2107-bib-0010){ref-type="ref"}

While the patterns and consequences of intensification of T2DM therapy have been well characterized globally,[10](#edm2107-bib-0010){ref-type="ref"}, [11](#edm2107-bib-0011){ref-type="ref"}, [12](#edm2107-bib-0012){ref-type="ref"}, [13](#edm2107-bib-0013){ref-type="ref"}, [14](#edm2107-bib-0014){ref-type="ref"}, [15](#edm2107-bib-0015){ref-type="ref"}, [16](#edm2107-bib-0016){ref-type="ref"} studies examining up‐titration of metformin in the real‐world clinical setting are lacking. The Summary of Product Characteristics from the European Medicines Agency recommends a starting dose of 500 or 850 mg metformin 2‐3 times daily, with a maximum daily dose of 3000 mg,[9](#edm2107-bib-0009){ref-type="ref"}, [17](#edm2107-bib-0017){ref-type="ref"} but studies of intensification after metformin monotherapy generally do not report the final titrated dose of metformin before adding on or switching therapies.[11](#edm2107-bib-0011){ref-type="ref"}, [18](#edm2107-bib-0018){ref-type="ref"}, [19](#edm2107-bib-0019){ref-type="ref"} Since metformin has demonstrated efficacy at lowering HbA1c when given at 1500‐2000 mg/day,[20](#edm2107-bib-0020){ref-type="ref"} the question remains whether metformin treatment sometimes fails because of inadequate dose optimization. The objective of this study was thus to assess the dose distribution of metformin monotherapy, as well as the patterns and predictors of up‐titration following initiation of metformin, among people with T2DM in the United Kingdom.

2. MATERIALS AND METHODS {#edm2107-sec-0006}
========================

2.1. Study design and data source {#edm2107-sec-0007}
---------------------------------

This was a retrospective cohort study of people with T2DM in the United Kingdom. Data were obtained from the Clinical Practice Research Datalink (CPRD) database, which contains over 4 million active participant records (and over 11 million overall) drawn from approximately 650 primary care practices.[21](#edm2107-bib-0021){ref-type="ref"} The CPRD database contains anonymized longitudinal primary care medical records focusing on participant‐specific diagnoses, laboratory measurements and prescription data, many of which are linked to nonprimary care data including hospitalizations and mortality data. Data from 1 January 2012 through 31 December 2017 were accessed for the analyses of the subjects described below. Because the data were anonymized, approval by an ethics committee was not required; however, the study conformed to the principles of the Declaration of Helsinki, and access to CPRD data is subject to protocol approval by an Independent Scientific Advisory Committee (ISAC).

2.2. Selection of the population {#edm2107-sec-0008}
--------------------------------

This study included adult (aged ≥21) subjects diagnosed with T2DM during the study period (January 2012 to December 2017). The diagnosis of T2DM was based on Read/Oxford Medical Information System codes (primarily the C109 and C10F series; a complete list is available upon request), which are supported by rigorous classification techniques. Metformin use was identified in the CPRD database using British National Formulary (BNF) codes for antidiabetic medication and further by identifying generic and product names (complete list available upon request). There were two populations of interest: new users and prevalent users of metformin monotherapy.

New users of metformin monotherapy received at least one prescription for metformin between January 2013 and December 2016 (the index period for new users), with the first prescription of metformin during this period defined as the index date. No other prescriptions for antihyperglycaemic agents (including metformin) were allowed in the year prior to the index date, and the index prescription was required to continue for a minimum of 3 months. New users were also required to be enrolled in the database for at least 15 months postindex for the purposes of analysing treatment patterns over time.

Prevalent users of metformin monotherapy received at least one prescription for metformin between January and December 2017 (the index period for prevalent users), with the most recent metformin prescription defined as the index date. No prescriptions for other antihyperglycemic agents (other than metformin) were allowed in the year prior to the index date, to ensure monotherapy.

All subjects were required to have an HbA1c measurement available within 6 months prior to their index date and to have reliable dose information available at the index date. Subjects whose doses were outliers (indicating data entry errors) were excluded, as were those who used metformin in solution formulation (for which the daily dose could not be determined). Other reasons for exclusion included diagnosis codes for type 1 diabetes mellitus, gestational diabetes, other forms of secondary diabetes or polycystic ovary syndrome any time during the study period.

2.3. Study outcomes and variables {#edm2107-sec-0009}
---------------------------------

Metformin use was identified as described above. In the CPRD database, each prescription is recorded as the number of tablets to be taken each day and the tablet strength. To calculate the daily dose, the number of tablets to be taken was multiplied by the tablet strength. The daily dose was categorized as \>0 mg to ≤500 mg, \>500 mg to ≤1000 mg, \>1000 mg to ≤1500 mg, \>1500 mg to ≤2000 mg, or \>2000 mg.

Treatment patterns included up‐titration, discontinuation, add‐on therapy and switching. Up‐titration was defined as progression to a metformin dose category higher than the dose category on the index date. Discontinuation of metformin was defined as having a gap of greater than 45 days from the end of one fill to the beginning of the next fill of metformin monotherapy without a prescription for another antihyperglycaemic agent at the time of discontinuation. Add‐on therapy was defined as the presence of a prescription for a second antihyperglycaemic agent in addition to a prescription for metformin or a prescription of a fixed‐dose combination that included metformin, and switching was defined as discontinuation of metformin with a recorded prescription of another antihyperglycaemic agent.

Demographic and clinical variables collected on the index date were age, sex, HbA1c level, smoking status, alcohol use, duration of T2DM, body mass index (BMI), cholesterol measurements (triglycerides, low‐density lipoprotein cholesterol and high‐density lipoprotein cholesterol (HDL‐C)), systolic and diastolic blood pressure, estimated glomerular filtration rate (eGFR), microvascular and macrovascular complications, and severe hypoglycaemia. Values not available on the index date were collected from the most recently recorded data entry prior to the index date. HbA1c levels were classified as \<53 mmol/mol (7.0%), 53 to \<64 mmol/mol (7.0% to \<8.0%), 64 to \<75 mmol/mol (8.0% to \<9.0%) and ≥75 mmol/mol (9.0%). The duration of T2DM was defined as the time from the first diagnosis of T2DM in the database until the index date. BMI was measured in kg/m^2^ and was categorized as normal (\<25), overweight (25‐29) and obesity (\>29). Microvascular complications included diabetic retinopathy, nephropathy and neuropathy. Macrovascular complications included acute coronary syndrome, acute myocardial infarction, angina, arrhythmia, revascularization, heart failure, peripheral arterial disease, peripheral vascular disease and stroke/transient ischaemic attack. Severe hypoglycaemia was defined as low blood glucose levels that required assistance from another person to treat. The presence of microvascular and macrovascular complications and severe hypoglycaemia was determined using Read codes (list available upon request) and based on data from the 12 months prior to the index date.

The Charlson comorbidity index score was originally designed to predict the impact of comorbidities on the mortality of a subject. The list of comorbidities prominent in subjects with T2DM and their related Read codes were taken from Khan *et al*.[22](#edm2107-bib-0022){ref-type="ref"}

2.4. Statistical analysis {#edm2107-sec-0010}
-------------------------

Subjects\' demographic and clinical characteristics on the index date were analysed descriptively and are presented as numbers and percentages for categorical variables and as means and standard deviations (or medians and interquartile ranges) for continuous variables.

The metformin dose distribution was assessed descriptively in new users at initiation (ie the index date) and again 6 and 12 months postindex. The dose distribution at initiation was also assessed by HbA1c level. In prevalent users, the index dose distribution was assessed cross‐sectionally, both overall and by HbA1c level and duration of diabetes. These data on prevalent users were included for the purpose of comparison with new users, since prevalent users were expected to have already had their metformin dose up‐titrated.

The proportion of subjects with up‐titration, defined as described above, was measured in new users at 6 and 12 months. Subject data were censored from further analyses of up‐titration if they discontinued metformin, switched to another therapy or added on other antihyperglycaemic therapy during the postindex period. For example, a subject discontinuing metformin or adding another therapy in month 7 would be included in the metformin dose distribution analysis at month 6, but would be excluded at month 12. The time to up‐titration, both overall and by HbA1c level at initiation, was measured in days (median and interquartile range) from the initial dose to the date of the highest prescribed dose within the postindex period.

Multivariable logistic regression models were used to evaluate the demographic and clinical factors associated with up‐titration in new users of metformin, adjusting for other baseline covariates. The association between subject characteristics and up‐titration was quantified at 6 and 12 months postindex as adjusted odds ratios (ORs) and 95% confidence intervals (CIs), along with *P* values. *P* values \<.05 were considered statistically significant. All analyses were conducted using SAS version 9.4.

3. RESULTS {#edm2107-sec-0011}
==========

3.1. Characteristics of the study population {#edm2107-sec-0012}
--------------------------------------------

A total of 6,174 new users of metformin were identified during 2013‐2016 (Table [1](#edm2107-tbl-0001){ref-type="table"}). Their mean age was 61.7 years, and 42.7% were male. Just 17.9% of new users had an HbA1c level at the standard target of \<53 mmol/mol (7.0%). Obesity was highly prevalent (67.8%), and the median duration of T2DM was 0.04 years, indicating that most of these subjects were very recently diagnosed.

###### 

Characteristics of new and prevalent metformin users[a](#edm2107-note-0002){ref-type="fn"}

                                                        New users (N = 6174)   Prevalent users (N = 8733)
  ----------------------------------------------------- ---------------------- ----------------------------
  Demographic                                                                  
  Age, mean (SD) years                                  61.7 (12.4)            64.4 (12.6)
  Male                                                  2637 (42.7%)           4980 (57.0%)
  Clinical                                                                     
  HbA1c                                                                        
  \<53 mmol/mol (7.0%)                                  1103 (17.9%)           4455 (51.0%)
  53 to \< 64 mmol/mol (7.0% to \< 8.0%)                2169 (35.1%)           2630 (30.1%)
  64 to \< 75 mmol/mol (8.0% to \< 9.0%)                1148 (18.6%)           832 (9.5%)
  ≥75 mmol/mol (9.0%)                                   1754 (28.4%)           816 (9.3%)
  Currently smoke                                       1081 (17.5%)           1286 (14.7%)
  Currently drink alcohol                               2383 (38.6%)           3731 (42.7%)
  Duration of T2DM, median (IQR) years                  0.04 (0‐0.84)          3.1 (1.3‐4.9)
  Laboratory[b](#edm2107-note-0003){ref-type="fn"}                             
  BMI, kg/m^2^                                                                 
  Normal (\<25)                                         278 (6.3%)             645 (10.6%)
  Overweight (25‐29)                                    1138 (25.9%)           1809 (29.6%)
  Obese (\>29)                                          2980 (67.8%)           3649 (59.8%)
  Total cholesterol, mean (SD) mmol/L                   5.04 (1.25)            4.51 (1.12)
  Triglycerides, mean (SD) mmol/L                       2.42 (2.03)            2.11 (1.51)
  LDL‐C, mean (SD) mmol/L                               2.87 (1.07)            2.56 (1.09)
  HDL‐C, mean (SD) mmol/L                               1.18 (0.32)            1.23 (0.35)
  Systolic blood pressure, mean (SD) mmHg               135.6 (15.1)           132.6 (13.7)
  Diastolic blood pressure, mean (SD) mmHg              79.6 (9.8)             76.8 (9.1)
  eGFR, mean (SD) mL/min/1.73 m^2^                      69.7 (23.3)            67.9 (21.2)
  Comorbidities[c](#edm2107-note-0004){ref-type="fn"}                          
  Macrovascular complications                           331 (5.4%)             362 (4.2%)
  Microvascular complications                           138 (2.2%)             253 (2.9%)
  Severe hypoglycaemia                                  4 (0.1%)               26 (0.3%)
  CCI, mean (SD)                                        0.73 (0.78)            0.87 (0.79)

BMI, body mass index; CCI, Charlson comorbidity index; eGFR, estimated glomerular filtration rate; HbA1c, glycated haemoglobin; HDL‐C, high‐density lipoprotein cholesterol; IQR, interquartile range; LDL‐C, low‐density lipoprotein cholesterol; SD, standard deviation; T2DM, type 2 diabetes mellitus.

Values are presented as n (%) unless otherwise indicated.

Laboratory values were available for the following percentages of prevalent users: BMI, 70%; triglycerides, 63%; LDL‐C, 68%; HDL‐C, 76%; systolic and diastolic blood pressure, 85%; eGFR, 68%. In new users the percentages were: BMI, 71%; triglycerides, 71%; LDL‐C, 78%; HDL‐C, 65%; systolic and diastolic blood pressure, 86%; eGFR, 69%.

Comorbidity rates are based on data from the 12 mo prior to the index date.

John Wiley & Sons, Ltd

A total of 8733 prevalent users of metformin were identified during 2017 (Table [1](#edm2107-tbl-0001){ref-type="table"}). Their mean age was 64.4 years, and 57.0% were male. Just over half of prevalent users (51.0%) had met the HbA1C target of \<53 mmol/mol (7.0%), and 59.8% were obese. The median duration of T2DM was 3.1 years.

3.2. Dose distribution and up‐titration patterns in new users {#edm2107-sec-0013}
-------------------------------------------------------------

New users initiated metformin at \>0 mg to ≤500 mg (25%), \>500 mg to ≤1000 mg (47%), \>1000 mg to ≤1500 mg (17%) or \>1500 mg to ≤2000 mg (12%) daily (Figure [1](#edm2107-fig-0001){ref-type="fig"}A). This distribution did not vary over time (Figure [1](#edm2107-fig-0001){ref-type="fig"}A), but varied substantially at initiation by HbA1c: 48% of subjects with HbA1c ≥ 75 mmol/mol (9.0%) received an initial daily dose of \>1000 mg, but only 14% of subjects with HbA1c \< 53 mmol/mol (7.0%) did so (Figure [1](#edm2107-fig-0001){ref-type="fig"}B). Given this variation by HbA1c level, we assessed whether the dose distribution differed over time in subjects who had not attained HbA1c targets of \<53 mmol/mol (7.0%) and \<64 mmol/mol (8.0%) (Figure [1](#edm2107-fig-0001){ref-type="fig"}C). In the subset of subjects with HbA1c ≥ 53 mmol/mol (7.0%), 39% received a metformin dose \>1000 mg at both 6 months and 12 months (compared to 31% of subjects in the combined study population at the same time points). In the subset of subjects with HbA1c ≥ 64 mmol/mol (8.0%), 48% received a metformin dose \>1000 mg at 6 months and 50% did so at 12 months.

![Dose distribution over time (A), at initiation by HbA1c level (B), and over time for selected HbA1c levels (C) in new users of metformin. HbA1c, glycated haemoglobin. HbA1c values are given in mmol/mol. Corresponding NGSP percentages are as follows: \<53 mmol/mol (7.0%), 53 to \<64 mmol/mol (7.0% to \<8.0%), 64 to \<75 mmol/mol (8.0% to \<9.0%) and ≥75 mmol/mol (9.0%). In panel a, N = 6,174 at initiation; 4820 at 6 mo; 3592 at 12 mo. Data in panel b are at initiation. In panel c, N = 1,595 at 6 mo and 1,061 at 12 mo for HbA1c ≥ 53 mmol/mol (7.0)%; N = 527 at 6 mo and 334 at 12 mo for HbA1c ≥ 64 mmol/mol (8.0%)](EDM2-3-e00107-g001){#edm2107-fig-0001}

At 6 and 12 months after treatment initiation, most new users had experienced no change in their treatment regimen; just 6.7% and 10.8% of new users had been up‐titrated, respectively (Figure [S1](#edm2107-sup-0001){ref-type="supplementary-material"}). Rates of up‐titration were 5.5% in subjects with HbA1c \< 53 mmol/mol (7.0%), 8.5% in those with HbA1c 53 to \<64 mmol/mol (7.0% to \<8.0%), 14.1% in those with HbA1c 64 to \<75 mmol/mol (8.0% to \<9.0%) and 14.8% in those with HbA1c ≥ 75 mmol/mol (9.0%). Of the 667 subjects up‐titrated at 12 months, 39.0% had an HbA1c measurement ≥75 mmol/mol (9.0%) at initiation, whereas just 9.2% had HbA1c \< 53 mmol/mol (7.0%) (Table [2](#edm2107-tbl-0002){ref-type="table"}). The median time to up‐titration was 175 days, with a shallow trend towards longer times in subjects with lower HbA1c values (Table [2](#edm2107-tbl-0002){ref-type="table"}). Predictors of up‐titration in new users (Table [3](#edm2107-tbl-0003){ref-type="table"}) included younger age at 12 months postinitiation (eg OR 3.86, 95% CI 1.97‐7.58 for subjects aged \<50 versus ≥70) and higher HbA1c at both 6 months and 12 months (OR 2.37, 95% CI 1.27‐4.41 at 12 months for HbA1c 64 to \<75 mmol/mol (8.0% to \<9.0%) vs \<53 mmol/mol (7.0%); OR 2.07, 95% CI 1.11‐3.86 at 12 months for HbA1c ≥ 75 mmol/mol (9.0%) versus \<53 mmol/mol (7.0%)). Triglyceride and HDL‐C levels were predictive of up‐titration at 6 months, but not at 12 months (Table [3](#edm2107-tbl-0003){ref-type="table"}).

###### 

Time to up‐titration in new metformin users, overall and by HbA1c level

                        Overall       HbA1c level at initiation                             
  --------------------- ------------- --------------------------- ------------ ------------ ------------
  n (%)                 667 (100.0)   61 (9.2)                    184 (27.6)   162 (24.3)   260 (39.0)
  Median, days          175           179                         177          175          173
  Interquartile range   162‐348       163‐345                     162‐351      162‐349      160‐342

John Wiley & Sons, Ltd

###### 

Characteristics associated with up‐titration at 6 and 12 mo in new users[a](#edm2107-note-0006){ref-type="fn"}

                                                                      6 mo       12 mo                                                   
  ------------------------------------------------------------------- ---------- --------------- ------------ ---------- --------------- ------------
  Age groups (reference, ≥70)                                                                                                            
  \<50                                                                1.06       0.63‐1.81       .820         **3.86**   **1.97‐7.58**   **\<.001**
  50 to \< 60                                                         1.41       0.92‐2.18       .119         **2.91**   **1.62‐5.22**   **\<.001**
  60 to \< 70                                                         0.79       0.51‐1.23       .300         **2.02**   **1.15‐3.55**   **.014**
  Female (reference, male)                                            1.15       0.83‐1.60       .393         1.05       0.71‐1.55       .809
  HbA1c at initiation (reference, \<53 mmol/mol (7.0%))                                                                                  
  53 to \< 64 mmol/mol (7.0% to \< 8.0%)                              1.54       0.89‐2.67       .125         1.33       0.75‐2.35       .327
  64 to \< 75 mmol/mol (8.0% to \< 9.0%)                              **2.96**   **1.66‐5.28**   **\<.001**   **2.37**   **1.27‐4.41**   **.007**
  ≥75 mmol/mol (9.0%)                                                 **3.71**   **2.14‐6.44**   **\<.001**   **2.07**   **1.11‐3.86**   **.022**
  Currently smoke                                                     0.96       0.65‐1.43       .852         0.82       0.50‐1.35       .433
  Currently drink alcohol                                             1.35       0.99‐1.84       .061         1.07       0.73‐1.55       .737
  Diabetes duration                                                   1.02       0.95‐1.09       .646         1.01       0.94‐1.09       .750
  BMI (reference, normal)                                                                                                                
  Overweight                                                          0.95       0.47‐1.92       .893         1.68       0.63‐4.48       .304
  Obese                                                               1.03       0.52‐2.02       .934         1.33       0.51‐3.49       .562
  Triglycerides                                                       **0.83**   **0.71‐0.98**   **.026**     0.99       0.82‐1.20       .933
  LDL‐C                                                               1.10       0.94‐1.28       .228         0.87       0.72‐1.05       .152
  HDL‐C                                                               **0.54**   **0.29‐0.98**   **.041**     1.33       0.68‐2.59       .410
  Diastolic blood pressure                                            1.01       0.99‐1.02       .524         1.01       0.99‐1.03       .646
  eGFR                                                                1.00       0.99‐1.01       .740         1.00       0.99‐1.01       .742
  Microvascular complications[b](#edm2107-note-0007){ref-type="fn"}   0.68       0.20‐2.31       .539         1.11       0.39‐3.18       .850
  Macrovascular complications[b](#edm2107-note-0007){ref-type="fn"}   0.99       0.50‐1.95       .973         0.62       0.25‐1.51       .289
  CCI                                                                 0.92       0.74‐1.15       .470         1.13       0.89‐1.44       .303

BMI, body mass index; CCI, Charlson comorbidity index; eGFR, estimated glomerular filtration rate; HbA1c, glycated haemoglobin; HDL‐C, high‐density lipoprotein cholesterol; LDL‐C, low‐density lipoprotein cholesterol.

Bold font indicates statistical significance.

In the 12 mo prior to the index date.

John Wiley & Sons, Ltd

3.3. Dose distribution in prevalent users {#edm2107-sec-0014}
-----------------------------------------

Prevalent users of metformin received doses of \>0 mg to ≤500 mg (14%), \>500 mg to ≤1000 mg (40%), \>1000 mg to ≤1500 mg (15%), \>1500 mg to ≤ 2000 mg (29%) or \>2000 mg (1%) daily (Figure [2](#edm2107-fig-0002){ref-type="fig"}A). Their dose distribution varied substantially by HbA1c level and duration of T2DM, with subjects with HbA1c ≥ 64 mmol/mol (8.0%) and duration of disease ≥10 years more likely to receive doses \>1000 mg per day (Figure [2](#edm2107-fig-0002){ref-type="fig"}B, C).

![Dose distribution in prevalent users of metformin (A) overall, (B) by HbA1c level and (C) by disease duration. HbA1c, glycated haemoglobin. HbA1c values are given in mmol/mol. Corresponding NGSP percentages are as follows: \<53 mmol/mol (7.0%), 53 to \<64 mmol/mol (7.0% to \<8.0%), 64 to \<75 mmol/mol (8.0% to \<9.0%) and ≥75 mmol/mol (9.0%)](EDM2-3-e00107-g002){#edm2107-fig-0002}

4. DISCUSSION {#edm2107-sec-0015}
=============

This study showed that dosing of metformin monotherapy in people with T2DM in the United Kingdom is influenced by HbA1c levels, and in prevalent users, also by duration of disease. Up‐titration was infrequent in the first year postinitiation and was dependent on subject\'s age and HbA1c levels.

Metformin is widely prescribed for T2DM globally, particularly in Western countries.[13](#edm2107-bib-0013){ref-type="ref"}, [15](#edm2107-bib-0015){ref-type="ref"}, [23](#edm2107-bib-0023){ref-type="ref"}, [24](#edm2107-bib-0024){ref-type="ref"}, [25](#edm2107-bib-0025){ref-type="ref"} Metformin lowers blood glucose levels by reducing the amount of glucose produced and released by the liver, and by increasing insulin sensitivity.[26](#edm2107-bib-0026){ref-type="ref"} A major advantage of this therapy is weight stability or modest weight loss, in contrast to many other antihyperglycaemic medications. It may also reduce the risk of cardiovascular disease outcomes.[27](#edm2107-bib-0027){ref-type="ref"}, [28](#edm2107-bib-0028){ref-type="ref"} A recent US study found that up‐titration of metformin was as effective as adding a second T2DM drug in terms of the probability of glycaemic control after 6 months.[29](#edm2107-bib-0029){ref-type="ref"} Despite these positive features of metformin therapy, optimization of the metformin dose appears to be infrequent.

The median time to up‐titration in the current study was around 175 days, regardless of HbA1c level. This suggests that up‐titration, if it happens, generally happens within the first 6 months of treatment. This is in accordance with international guidelines that recommend dose optimization over the first several weeks.[7](#edm2107-bib-0007){ref-type="ref"}, [8](#edm2107-bib-0008){ref-type="ref"}, [9](#edm2107-bib-0009){ref-type="ref"} Studies of time to treatment intensification, that is, switching to another drug or adding a second drug, indicate that \<40% of people on metformin monotherapy intensify their treatment within the first year,[11](#edm2107-bib-0011){ref-type="ref"}, [18](#edm2107-bib-0018){ref-type="ref"} with median times to initiation of second‐line therapy of 2‐2.3 years,[18](#edm2107-bib-0018){ref-type="ref"}, [19](#edm2107-bib-0019){ref-type="ref"} suggesting there is a sufficiently long lag time between metformin initiation and the time to intensification during which to up‐titrate metformin. In most of our study population, however, this had not been done.

Per the Summary of Product Characteristics from the European Medicines Agency, the minimum recommended starting dose of 500 mg metformin two times daily translates to 1000 mg/day.[9](#edm2107-bib-0009){ref-type="ref"} However, in the current study, 72% of new users were initiated at doses lower than this value, and 69% remained at this dose level 6 and 12 months later. Even among new users with suboptimal glycaemic control (HbA1c ≥ 53 mmol/mol (7.0%)), 61% remained below this dose level at 12 months. Furthermore, 54% of prevalent users of metformin were receiving less than this minimum recommended daily dose. This may explain why only 51% of prevalent metformin users had met the standard HbA1C target of \<53 mmol/mol (7.0%), even after a median disease duration of 3.1 years.

The reasons for the low rates of up‐titration are speculative, but may include contraindications, intolerance and discontinuation. The NICE guidelines state that metformin is contraindicated or not tolerated in 15% of diabetes patients.[7](#edm2107-bib-0007){ref-type="ref"} Contraindications include renal dysfunction and recent cardiovascular events, both of which are common among people with T2DM.[30](#edm2107-bib-0030){ref-type="ref"} We investigated the effects of excluding patients with renal dysfunction, defined as eGFR \< 30 (0.5% of new users and 1.0% of prevalent users) and found no change in the results. Intolerance of metformin may manifest as lactacidosis or gastrointestinal side effects, which sometimes lead to discontinuation.[20](#edm2107-bib-0020){ref-type="ref"} Our analysis showed that discontinuation was the most frequent treatment pattern (among patterns involving a change) observed in the year after initiating metformin monotherapy, suggesting that many subjects were intolerant of metformin.

Inadequate dosing of metformin limits its therapeutic efficacy. In an ethnically diverse sample of 128 T2DM patients in the United Kingdom, a lack of titration of oral antihyperglycaemic agents was identified as one of several reasons for HbA1c levels being \>86 mmol/mol (10.0%).[31](#edm2107-bib-0031){ref-type="ref"} However, reduced efficacy may also stem from nonadherence to an optimized treatment regimen. Previous studies have found that adherence to metformin is lower than to other oral antihyperglycaemic therapies[32](#edm2107-bib-0032){ref-type="ref"}, [33](#edm2107-bib-0033){ref-type="ref"} and that poor adherence to metformin is associated with poor glycaemic control.[31](#edm2107-bib-0031){ref-type="ref"}, [32](#edm2107-bib-0032){ref-type="ref"} Thus, both clinical inertia on the part of physicians and nonadherent patient behaviours may contribute to treatment failure on metformin monotherapy. Based on our finding that up‐titration rates increased significantly across the range of HbA1c values from \<53 mmol/mol (7.0%) to ≥75 mmol/mol (9.0%), physicians are attuned to the need to optimize the metformin dose to attain glycaemic control. They may also need to be reminded that the extended‐release formulation of metformin can reduce gastrointestinal side effects[34](#edm2107-bib-0034){ref-type="ref"} and increase patient adherence.[35](#edm2107-bib-0035){ref-type="ref"}

4.1. Limitations {#edm2107-sec-0016}
----------------

This analysis was subject to the typical limitations of electronic health data, most notably the potential for miscoding, misdiagnosis and underdiagnosis in the CPRD database. Secondly, although the database captures prescription information, prescription fills, physician instructions and medication‐taking behaviour are not recorded. As a result, the prescription data alone cannot fully explain treatment adherence. In addition, the data available in the CPRD database do not allow us to reliably track fixed‐dose combinations or determine whether the highest dose a subject had been prescribed was their true "maximum tolerable" dose of metformin. Tolerability issues due to metformin therapy, such as gastrointestinal events, were not captured (ie not available), although renal function was recorded as the eGFR and was the focus of the sensitivity analysis described above. Thirdly, most CPRD data were collected from primary care physicians and do not include diagnoses made and treatment used during hospitalizations or by specialists. As a result, serious comorbid conditions that required inpatient services or specialist care, or prescriptions written by specialists, may not have been recorded. Finally, the requirement that all subjects have an HbA1c measurement available within 6 months prior to their index date and have reliable metformin dose information available at the index date biased the population towards a well‐documented data set and limits the generalizability of the findings to the T2DM population as a whole.

5. CONCLUSIONS {#edm2107-sec-0017}
==============

In conclusion, this study of UK adults with T2DM showed that dosing of metformin monotherapy is often suboptimal and that up‐titration is infrequent. Metformin dosing and up‐titration were highly dependent on HbA1c levels, but remained suboptimal even in subjects with HbA1c levels above the recommended targets. Given the popularity of metformin as a first‐line treatment for T2DM, and its demonstrated efficacy at the recommended doses, providers should be encouraged to optimize the metformin dose, and patients should be made aware of the impact of tolerability and adherence issues on glycaemic control.
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